Abstract Erythropoietic protoporphyria (EPP) is an inherited disorder of heme synthesis caused by deficiency of the mitochondrial enzyme ferrochelatase. EPP in humans is associated with liver disease, hypertriglyceridemia, and a low level of high density lipoprotein (HDL) cholesterol. To explore consequences of ferrochelatase deficiency in lipid metabolism, we have analyzed hepatic lipid content and plasma lipoprotein levels in chow-fed BALB / c mice homozygous ( fch/fch ) or heterozygous ( fch/ ؉ ) for a point mutation in the ferrochelatase gene and in wild-type controls ( ؉ / ؉ ). Livers of fch/fch mice show bile duct proliferation and biliary fibrosis, but bile formation is not impaired. The free cholesterol content of fch/fch livers is significantly increased when compared with fch/ ؉ and ؉ / ؉ livers. Plasma cholesterol in fch/fch mice (9.9 ؎ 6.4 mM) is elevated when compared with fch/ ؉ and ؉ / ؉ mice (2.9 ؎ 0.2 and 2.5 ؎ 0.3 mM, respectively), because of an increased cholesterol content in the very low density lipoprotein-sized fractions, whereas HDL cholesterol is reduced. The ratio of cholesteryl ester to free cholesterol is 4.3 ؎ 0.6, 3.3 ؎ 0.3, and 0.3 ؎ 0.1 in the plasma of ؉ / ؉ , fch/ ؉ , and fch/fch mice, respectively. The latter is not due to reduced lecithin:cholesterol acyltransferase activity in plasma of fch/fch mice but to the presence of lipoprotein-X (Lp-X), a particle composed of biletype lipids usually seen only in cholestatic conditions. Expression of mdr2 , essential for biliary phospholipid / cholesterol secretion, is increased in fch/fch livers. In spite of this, biliary phospholipid / cholesterol secretion is reduced relative to that of bile salts. It is postulated that an inability of bile salts to stimulate lipid secretion adequately leads to formation of Lp-X in this noncholestatic condition. Distinct atherosclerotic lesions were found in aged fch/fch mice.
Erythropoietic protoporphyria (EPP) is an inherited disorder of heme synthesis caused by deficiency of the mitochondrial enzyme ferrochelatase (EC 4.99.1.1), responsible for insertion of iron into protoporphyrin (PP) (1) . Impaired ferrochelatase activity in humans with EPP results in increased PP concentrations in erythrocytes, blood, liver, and feces (1) . Skin lesions after exposure to sunlight represent the hallmark of EPP. Liver disease is one of the complications that may occur in patients with EPP but hepatic manifestations of EPP are diverse (1, 2) . About 40 different mutations in the human ferrochelatase gene have been described so far (3) . It appears that only mutations that give rise to severe deficiencies of enzyme activity predispose to development of liver disease for which transplantation is indicated (4) .
Elevated plasma triglyceride levels and low levels of high density lipoprotein (HDL) cholesterol have been reported in EPP patients (5) , but underlying mechanism(s) are unknown. In the present study, we used a mouse model of EPP (6) to evaluate the effects of ferrochelatase deficiency on hepatic lipid metabolism and plasma lipoprotein levels. Mice homozygous ( fch / fch ) or heterozygous ( fch / ϩ ) for a point mutation in the ferrochelatase gene were compared with wild-type ( ϩ / ϩ ) controls. Residual enzyme activity in various organs, including liver, is 5% in fch / fch mice and ~60% in fch / ϩ mice (6) . We have found that fch / fch mice on a normal chow diet develop bile duct proliferation and biliary fibrosis with portoportal bridging (7) . Bile formation is not impaired in these animals: in fact, biliary bile salt secretion is markedly enhanced (7) . Heterozygotes, on the other hand, show normal bile formation and a characteristic fat accumulation in hepatocytes (7) , indicating that impaired ferrochelatase activity per se may indeed affect hepatic lipid metabolism. We have determined the effects of (partial) ferrochelatase deficiency on hepatic and plasma lipoprotein levels in mice. Data show that reduced ferrochelatase activity in heterozygous fch / ϩ mice is associated with development of severe hepatic steatosis, while a marked hyperlipidemia, characterized by the presence of lipoprotein-X (Lp-X) and reduced HDL, is present in homozygous fch / fch mice. The latter is associated with the presence of atherosclerotic lesions.
MATERIALS AND METHODS

Mice
Male and female fch / fch and fch / ϩ mice with a BALB/c background were generously supplied by X. Montagutelli (Institut Pasteur, Paris, France) for establishing a breeding program at the Central Animal Laboratory, Faculty of Medical Sciences (University of Groningen, Groningen, The Netherlands). The animals were kept in a temperature-and light-controlled environment and were protected from direct light by means of a yellow filter. Age-matched control BALB/c mice were purchased from Harlan BV (Zeist, The Netherlands). Control animals were kept under the same ad libitum dietary conditions (SRM-A; Hope Farms BV, Woerden, The Netherlands) for at least 3 weeks prior to experiments. Animals received humane care according to local guidelines: experimental procedures were approved by the local Ethics Committee for Animal Experiments.
Experimental procedures
Male mice, 12 -14 weeks of age, were anesthetized with halothane. A large blood sample was collected by cardiac puncture and transferred to an ethylenediaminetetraacetic acid-containing tube. Plasma was obtained for lipid and lipoprotein analysis: an aliquot was frozen immediately for determination of lecithin: cholesterol acyltransferase (LCAT) activity. The liver was excised and weighed. Small portions were rapidly frozen in liquid nitrogen for isolation of RNA, a part was slowly frozen in isopentane for preparation of sections for examination by microscopy, and the remainder was stored for lipid analyses.
Separate groups of mice were used for determination of hepatic very low density lipoprotein (VLDL) triglyceride production rates, as previously described (8) . In short, mice were fasted overnight, anesthetized with halothane, and, after collection of a basal blood sample (75 l) by tail bleeding, Triton WR-1339 (12.5 mg per 100 l) was intravenously administered via the penile vein. Subsequently, blood samples were collected at 1, 2, 3, and 4 h after Triton WR-1339 administration. The 4-h blood sample (~750 l) was collected by cardiac puncture for VLDL isolation by density gradient ultracentrifugation.
Separate groups of fch / fch , fch / ϩ , and ϩ / ϩ mice (n ϭ 3 per group) were used for the collection of serum after a 16-h fast, for assessment of Lp-X as described below.
Aged fch / fch and fch / ϩ mice (9-12 months) were used for evaluation of atherosclerotic plaques. For this purpose, the thorax was opened under Nembutal anesthesia and the heart was in situ perfused with phosphate-buffered saline at room temperature. The heart was then dissected out, cleaned of surrounding tissues, and stored in buffered formalin or rapidly frozen in isopentane until processed.
Lipid analyses
Plasma concentrations of total and free cholesterol, triglycerides, phospholipids, and free fatty acids were measured with commercially available kits, as previously described (8, 9) . Pooled plasma samples of the three groups of mice were used for lipoprotein separation by fast protein liquid chromatography (FPLC) (9) or by density gradient ultracentrifugation according to Pietzsch et al. (10) , using a Beckman (Fullerton, CA) Optima TLX tabletop ultracentrifuge.
Fresh serum samples were used for assessment of Lp-X, using a commercially available kit (Lp-X Rapidophor; Immuno AG, Vienna, Austria), according to the manufacturer's instructions. Agarose electrophoresis was per formed after addition of Sudan black (0.2%, w/v) to plasma and the mixture was incubated for 15 min at 45 Њ C. Thereafter, an equal volume of 0.5% agarose was added and the samples were applied to a 0.5% (w/v) agarose gel containing 100 mM Tris-HCl, pH 8.2. The gel was immersed in 50 mM barbital-HCl, pH 8.8, and electrophoresis was performed at 150 mA for 3 h.
Hepatic lipid content was measured as previously described (8, 9) after Bligh and Dyer (11) extraction. Hepatic phospholipid species were separated by thin-layer chromatography followed by quantification through measurement of anorganic phosphate as detailed by Böttcher, van Gent, and Pries (12) .
Western blotting
Fractions separated by FPLC were taken for semiquantitative assessment of apolipoprotein B-100 (apoB-100), apoB-48, and apoA-I contents by Western blotting exactly as described by Voshol et al. (9) .
RNA isolation and RT-PCR procedures
Tissue samples for isolation of RNA were snap frozen in liquid nitrogen and stored at Ϫ 80 Њ C. Samples were homogenized and total RNA was isolated using the Trizol method (GIBCO, Grand Island, NY) and the SV total RNA isolation system (Promega, Madison, WI), according to the manufacturer instructions. Integrity of RNA was confirmed by agarose gel electrophoresis, and RNA concentration was measured spectrophotometrically. Single-stranded cDNA was obtained from 12 g of total RNA, using 80 U of Moloney murine leukemia virus reverse transcriptase, 16 l of 5-fold concentrated buffer, 32 U of RNase inhibitor, 1.06 g of random primer, and 8 l of dNTP mix (10 mM) (all from Boehringer Mannheim, Indianapolis, IN) in a total volume of 80 l, according to the manufacturer's instructions. Samples were incubated at 25 Њ C for 10 min, at 45 Њ C for 60 min, and at 95 Њ C for 5 min. Reverse transcriptase-polymerase chain reaction (RT-PCR) for acylcoenzyme A (CoA):cholesterol acyltransferase gene-2 ( acat-2 ), low density lipoprotein (LDL) receptor gene ( ldlr ), apoA-I gene ( apoa-I ), and apoB gene ( apob ) was done in 25-l volumes using 1.5 l of cDNA, 0.125 l (0.625 U) of Taq polymerase, 2.5 l of 10-fold buffer, 0.5 l of dNTP mix (10 mM) (all from Boehringer Mannheim), 1.0 l of dimethyl sulfoxide (Merck, Rahway, NJ), and 0.5 l of each primer (25 pmol; GIBCO). Primers used were GTG CCT GGG ATC TTT TGT GT and AAC ATC CTG TCT CCA AAC CG for acat-2 (13), GGA GTG CAT CAG CTT GGA CA and GTG ATG CCA TTT GGC CAC TG for ldlr (14) , GGC AGA GAC TAT GTG TCC CAG TTT GA and GTC ATC CAG CGC GGG TTT GGC CTT CTC for apoa-I (15) , and GAC AGT GTC AAC AAG GCT TTG TAT TGG GT and TGA AGA CTC CAG ATG AGG AC for apob (15) . PCR included a predenaturation at 95 Њ C for 2 min at PENN STATE UNIVERSITY, on February 23, 2013 www.jlr.org
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and a final extension of 5 min at 72ЊC. Amplification was done for 30 s at 95ЊC, annealing for 30 s at 56ЊC, and extension for 30 s at 72ЊC. This step was repeated 22 times for both apoa-I and apob. The PCR products were separated on an 2.5% agarose gel and the intensity of the ethidium bromide staining was measured with an Imagemaster VDS gel documentation system and Imagemaster 1D elite software (Pharmacia, Uppsala, Sweden).
Competitive PCR for 18S ribosomal RNA and mdr2
Homologous DNA competitors were generated according to the method by Celi, Zenilman, and Shuldiner (16) . Briefl y, a linker primer [CTG AAC GCC ACT TGT CCC TCA GAC AAA TCG CTG CAC CAA C for ribosomal RNA, TAT CCG CTA TGG CCG TGG GAA TCA TCA TGA AAC TGC CCC AGA for multidrug resistance gene-2(mdr2)], with half containing the final primer binding site and the other half being a nested primer for the gene, was used to generate a competitor that is identical to the natural PCR product, but slightly shorter. Its concentration was estimated on an agarose gel in comparison with the Boehringer Mannheim MWM XIV ladder. PCR for ribosomal RNA was done with a 1.5-l sample of cDNA and 1.5 l of a competitor dilution containing approximately 55 ϫ 10 6 copies per microliter, under the same conditions as mentioned above, with primers CTA TTG CGC CGC TAG AGG TG and CTG AAC GCC ACT TGT CCC TC. The protocol used included 2 min of preheating at 95ЊC, 18 cycles of 95ЊC, 60ЊC, 72ЊC (30 s each), followed by a final extension of 5 min at 72ЊC. For mdr2 [primers TAT CCG CTA TGG CCG TGG GAA and ATC GGT GAG CTA TCA CAA TGG (17)], 7,000 and 11,000 copies of the competitor per microliter were used, with an annealing temperature of 54 ЊC and 30 cycles, but otherwise identical conditions. The products were measured as described above. The original abundance of the mRNA in the sample was calculated by taking the ratio of competitor to natural product, corrected for the lower size, and therefore for the lower ethidium bromide intercalation of the competitor.
Measurement of LCAT activity
Plasma LCAT activity levels were measured in duplicate, using excess exogenous substrate containing [ 3 H]cholesterol as described (18) . The measured LCAT activity levels vary linearly with the amount of plasma added to the incubation mixture and are indicative of plasma LCAT concentrations. LCAT activity levels were related to the activities in a human plasma pool and expressed in arbitrary units, which correspond to the percentages of the activities present in the plasma pool. All animals were analyzed with one batch of substrates. LCAT activity was also measured with the endogenous substrate lipoproteins present in plasma, by assaying the rate of cholesterol esterification in whole plasma, as described previously (19) .
Histological evaluation of liver and heart tissue
Frozen liver and heart sections were stained for neutral fat with oil red O and counterstained with hemotoxylin. Localization of mdr2 P-glycoprotein (Pgp) and the bile salt export pump (bsep) was studied by confocal microscopy on 10-m frozen liver sections, as described previously (20) . Sections were fixed with 100% acetone for 10 min and air dried. Blocking was performed with 5% rabbit serum and the sections were then incubated with a 1:50 dilution of the P3II-26 antibody for mdr2 Pgp and antibody K12 for bsep (20) . Formalin-fixed heart sections were stained with Alcian blue by standard procedures.
Statistics
Comparison of data from ϩ/ϩ, fch/ϩ, and fch/fch mice was done by analysis of variance and post hoc Newman-Keuls t-test. A P value of Ͻ0.05 was considered significant.
RESULTS
Hepatic lipid content
Livers of fch/fch mice show distinct bile duct proliferation and biliary fibrosis already at 2-3 months of age, whereas hepatocyte morphology appears normal at this age (7) (see also Fig. 1 ). Analysis of hepatic lipid content, summarized in Table 1 , revealed a significant increase in free cholesterol content and in the sphingomyelin-tophosphatidylcholine ratio in fch/fch mice in comparison with the other two groups. A marked accumulation of 
Plasma lipid concentrations and lipoprotein profiles
Plasma cholesterol levels are significantly higher in nonfasted fch/fch mice, ranging from 4.5 to 18.5 mM in male mice 2-3 months of age, than in fch/ϩ and ϩ/ϩ mice of similar age, with no difference between the latter two groups ( Table 2 ). The ratio of cholesteryl ester to free cholesterol in plasma is profoundly decreased in fch/fch mice when compared with fch/ϩ and ϩ/ϩ mice, that is, 0.3 Ϯ 0.1 (P Ͻ 0.05) versus 3.3 Ϯ 0.3 and 4.3 Ϯ 0.6, respectively. Plasma phospholipid concentrations are clearly increased in fch/fch mice when compared with the other two groups. Plasma triglyceride and fasting free fatty acid levels are similar across the three groups (Table 2) . Table 3 shows that LCAT activity, as measured by two independent methods, is increased rather than decreased in fch/fch animals in comparison with the other two groups, indicating that the low cholesteryl ester-to-free cholesterol ratio is not caused by a liver disease-related reduction in LCAT synthesis or secretion. Likewise, steady state mRNA levels of acyl-CoA:cholesterol acyltransferase 2, the cholesteryl ester-forming enzyme most abundantly present in liver (13) , are not reduced in fch/fch mice (data not shown), in accordance with the elevated cholesteryl ester content in the livers of these animals ( Table 1) .
Separation of plasma lipoproteins by FPLC revealed that the characteristic HDL pattern of cholesterol in the ϩ/ϩ mice is completely shifted toward the VLDL and intermediate density lipoprotein (IDL)/LDL-sized fractions in fch/fch mice ( Fig. 2A) . Free cholesterol is abundantly present in the VLDL-sized fractions in fch/fch mice (Fig. 2C) , while the cholesteryl ester content of the HDL-sized fraction in these animals is clearly reduced in comparison with that in ϩ/ϩ controls (Fig. 2B) . Phospholipids are mainly present in the VLDL-sized fractions in fch/fch mice and in the HDL-sized fractions in ϩ/ϩ mice (Fig. 2D) . Finally, triglycerides that are almost exclusively associated with VLDL-sized fractions in ϩ/ϩ mice are abundant in the IDL/LDL-sized fractions in fch/fch mice (Fig. 2E) . Lipoprotein profiles in fch/ϩ mice closely resemble those in ϩ/ϩ mice (not shown).
Western blotting of fractions separated by FPLC revealed a markedly higher content of apoB-48 and B-100 in the VLDL-and IDL/LDL-sized lipoproteins in plasma of fch/fch mice than in that of ϩ/ϩ mice (Fig. 3, bottom) . ApoA-I contents in HDL-sized fractions appear somewhat reduced and show a shift toward smaller particle size in fch/fch mice (Fig. 3, top) .
The presence of high free cholesterol and phospholipids in the VLDL-sized fractions in fch/fch mice on FPLC separation is compatible with the presence of Lp-X (21). To ascertain the presence of Lp-X in plasma of fch/fch mice, density gradient ultracentrifugation was performed. Figure 4 shows that free cholesterol and phospholipids are mainly found in the LDL density range in fch/fch plasma, in contrast to the situation in ϩ/ϩ plasma, in which lipid is mainly present in the HDL density range. Because Lp-X in mice consists of particles with VLDL size and LDL density (21) , these data are interpreted to indicate that fch/fch plasma indeed contains Lp-X. The presence of Lp-X in fasting serum samples of fch/fch mice could be directly demonstrated by use of a precipitation assay (Fig. 5A) , showing a clear precipitate that is not seen with control and fch/ϩ serum. Agarose gel electrophoresis revealed the presence of a major band with low mobility in fch/fch plasma (Fig. 5B) , reminiscent of the situation described in bile duct-ligated mice (21) . No differences between control and fch/ϩ plasma were seen. In vivo hepatic VLDL triglyceride production To check whether increased VLDL production by the liver contributes to the high lipid and apoB levels in plasma of ferrochelatase-deficient mice, we measured VLDL triglyceride production by the Triton WR-1339 procedure. Figure 6 shows the linear increase in plasma triglycerides in ϩ/ϩ, fch/ϩ, and fch/fch mice on injection of Triton WR-1339: it is evident that this increase is less pronounced in fch/fch mice than in the other two groups. Calculation of hepatic VLDL triglyceride production rates from these concentrations, taking into account the fact that the plasma volume of fch/fch animals is somewhat larger than in the other groups (6), reveals a significantly lower value for fch/fch mice, that is, 0.086 Ϯ 0.016 mol/h/g body weight, than for ϩ/ϩ and fch/ϩ mice, that is, 0.121 Ϯ 0.015 and 0.110 Ϯ 0.029 mol/h/g body weight, respectively. Analysis of lipid composition of VLDL particles isolated from plasma collected 4 h after Triton WR-1339 injection revealed that particles from fch/fch mice are relatively enriched in cholesteryl esters at the expense of triglycerides ( Table 4) .
Hepatic mRNA levels of apob are similar in all three groups, as revealed by a semiquantitative RT-PCR procedure (Fig. 7) .On the other hand, mRNA levels of apoa-I are increased in ferrochelatase-deficient mice (Fig. 7) . In addition, steady state levels of ldlr mRNA, normalized to 18S mRNA, are increased by ~350% in fch/fch mice relative to controls (data not shown). Pooled plasma samples were subjected to gel filtration using Superose 6 columns and lipid contents in each fraction were measured. Note that free cholesterol and phospholipids are predominantly present in the VLDL-sized fractions in fch/fch plasma. Profiles of fch/ϩ mice were indistinguishable from those of wild-type mice and are not shown for reasons of clarity. 
Bile formation and mdr2 expression
The presence of Lp-X is a characteristic feature of cholestatic liver disease. Although plasma markers of liver disease (aspartate aminotransferase, alanine aminotransferase, bile salts) are elevated in fch/fch mice (7), these animals show increased bile flow and increased secretion of bile salts (7) . In view of this, the presence of Lp-X is unexpected at first sight. Bile secretion of biliary lipids, that is, free cholesterol and phospholipids, is also increased in fch/fch mice when compared with ϩ/ϩ and fch/ϩ animals (Fig. 8) . Yet, the increase in biliary lipid secretion is less pronounced than that of bile salt secretion, resulting in a significant increase in the bile salt-to-phospholipid plus cholesterol ratio in bile of these animals (Fig. 8) , demonstrating a relative "undersecretion" of lipids into bile.
Because biliary lipid secretion critically depends on activity of mdr2 Pgp and data have established that this transporter is also essential for Lp-X formation in bile duct-ligated mice (21) , expression and localization of this protein were compared in ϩ/ϩ and fch/fch mice. A competitive RT-PCR procedure revealed that mdr2 mRNA levels are slightly but significantly higher in fch/fch than in ϩ/ϩ livers (Fig. 7) . On immunohistochemistry, mdr2 Pgp was found to be present in a canalicular staining pattern in fch/fch and ϩ/ϩ liver (Fig. 9 ). Yet, staining in fch/fch liver appeared more diffuse than in ϩ/ϩ liver: this "fuzzy" staining pattern has been interpreted to suggest localization in a pericanalicular vesicular compartment (22, 23) . A similar pattern was observed for the bsep (Fig. 9 ).
Atherosclerosis
In view of the atherogenic plasma lipid profile present in fch/fch mice, we screened sections of hearts obtained from relatively old (up to 12 months of age) mice for the presence of atherosclerotic lesions. Characteristic infiltrates with pigment-containing cells were present in hearts of fch/fch mice only (Fig. 10A) ; the nature of these cells has not been determined. Finally, characteristic lipid-containing lesions were present in the valve area of hearts of fch/fch mice on oil red O staining (Fig. 10B) , indicative of the development of atherosclerosis. No lesions were found in hearts of fch/ϩ mice.
DISCUSSION
This study shows that impaired activity of the mitochondrial enzyme ferrochelatase is associated with pronounced alterations in hepatic and plasma lipid concentrations in chow-fed mice. An ~50% reduction in enzyme activity leads to development of severe hepatic steatosis without significant effects on plasma lipid profiles and VLDL production in fch/ϩ mice. Homozygous fch/fch mice show a marked hyperlipidemia, characterized by an increased content of cholesterol, triglycerides, apoB-100, and apoB-48 in VLDL/IDL-sized lipoproteins, reduced HDL cholesterol, and the presence of Lp-X. This combination is associated with the development of atherosclerotic lesions. Because some of these features have also been reported in patients with EPP, that is, low HDL and increased triglycerides in LDL/VLDL (5), it appears that impaired ferrochelatase activity per se and/or EPP-associated liver disease has unfavorable effects on plasma lipoprotein profiles.
Whether or to what extent these effects are specific for EPP-associated liver disease cannot be determined with certainty on the basis of these experiments; in view of reduced hepatic iron content in fch/fch mice (7), however, it is highly unlikely that iron toxicity plays a role.
Hepatic steatosis, mainly confined to perivenous hepatocytes, is the only overt phenotypical feature of fch/ϩ mice found so far. Steady-state plasma free fatty acid concentrations are not elevated in these animals, indicating that increased supply of fatty acids to the liver is not the cause of steatosis, as is the case in diabetes-or fastinginduced fatty liver. Preliminary findings have revealed that mitochondrial fatty acid ␤-oxidation may be impaired in these animals (T. Plösch, V. Bloks, and F. Kuipers, unpublished results). Homozygous fch/fch mice did not show hepatic triglyceride accumulation, which may reflect compromised fat metabolism associated with liver disease. On the other hand, livers of fch/fch mice do have increased free cholesterol content. This excess free cholesterol, which must be present in cellular membranes, is associated with a relative increase in hepatic sphingomyelin content: sphingomyelin is able to accommodate two times as much cholesterol as is phosphatidylcholine (24) . An increase in sphingomyelin content of membrane fractions, in particular of microsomes, has also been reported in livers of rats rendered cirrhotic by exposure to phenobarbital-CCl 4 or by bile duct ligation (25) , contributing to increased membrane rigidity in these models.
An intriguing finding of this study is the presence of Lp-X in plasma of the fch/fch mouse, as concluded on the basis of elevated plasma free cholesterol in the presence of high LCAT activity, elevated plasma phospholipids, the combination of FPLC and ultracentrifugation lipoprotein separation data, agarose gel electrophoresis, and a precipitation assay. Because these mice are not cholestatic in a functional sense and in fact show increased bile flow and biliary bile salt secretion, this study demonstrates, to the best of our knowledge for the first time, that Lp-X can be formed in the absence of obstructed bile flow in a situation in which LCAT is not deficient. The presence of Lp-X has so far been demonstrated only in animal models with experimentally induced cholestasis (21, 26) and in humans with cholestatic liver disease (27) as well as in subjects with LCAT deficiency (28) . It is considered to represent a particle composed of bile-destined lipids redirected toward the plasma compartment in situations when bile flow is obstructed. Oude Elferink et al. (21) elegantly showed that formation of Lp-X in cholestatic mice critically depends on the presence of mdr2 Pgp, the canalicular phospholipid translocator that is essential for biliary phospholipid secretion under normal conditions (29) . Thus, mdr2 Pgpdeficient mice do not form Lp-X on ligation of the common bile duct whereas mice overexpressing the human homolog (MDR3) show increased Lp-X formation under these experimental conditions (21) . The authors speculate that mdr2 Pgp present in subapical vesicles in cholestatic livers is active in phospholipid translocation into these vesicles followed by transcytosis toward the sinusoidal membrane and exocytosis to the blood compartment. Data of the present study support this option, because in fch/fch mice Lp-X is formed in the absence of biliary obstruction.
A major question that arises concerns the cause of Lp-X formation in fch/fch mice. In a previous study (7), we demonstrated that ferrochelatase-deficiency was associated with a strongly increased hepatobiliary bile salt flux. Bile salt secretion triggers the secretion of phospholipids and cholesterol into bile: the relationship between bile salt secretion on the one hand and phospholipid and cholesterol secretion on the other hand is curvilinear in nature in almost all species studied so far [see (30) and (31) for review]. The ability of bile salts to stimulate lipid secretion is critically dependent on the activity of mdr2 Pgp (30, 31) . It has been demonstrated that hepatic mdr2 expression is induced when hepatic bile salt flux is increased by cholate feeding in rats (32) . The current study shows that increased hepatic bile salt flux in fch/fch mice is also associated with increased mdr2 expression. Yet, the amount of biliary cholesterol and phospholipids relative to that of bile salts is reduced in these animals, indicating that the coupling between the secretion rates of these bile constituents is disturbed. We speculate that the inability of bile salts to induce adequate phospholipid and cholesterol secretion into bile represents the mechanistic basis of Lp-X formation in fch/fch mice. Factors that may contribute to relative hyposecretion of biliary lipids include a) the presence of high concentrations of protoporphyrins in bile of these animals, which may interfere with the interactions between bile salts and the canalicular membrane; and b) altered composition of the canalicular membrane that interferes with the ability of bile salts to induce release of lipids from the membrane, for instance, because of a high sphingomyelin content (33) . Alternatively, confocal microscopy revealed that mdr2 Pgp in fch/fch liver may, in part, be present in a putative subapical compartment, reminiscent of the situation observed in bile duct-ligated mice (21) . Thus, it may be that the relatively low lipid secretion occurs because the mdr2 Pgp content of the canalicular membrane is actually reduced. The presence of mdr2 Pgp in the subapical compartment may be responsible for formation of Lp-X in this scenario.
In addition to the presence of Lp-X, hyperlipidemia in fch/fch mice is characterized by increased LDL cholesterol, triglycerides, and apoB, as well as reduced HDL cholesterol. Measurement of hepatic VLDL production by the Triton WR-1339 procedure revealed that the VLDL triglyceride production rate is reduced in these animals, predominantly because of the formation of small, triglyceridepoor particles. No change in hepatic apob mRNA levels was found, suggesting defective particle assembly as the underlying cause. The reason therefore remains unclear at the moment, and yet the data exclude increased VLDL production as a contributing factor in the development of hyperlipidemia. Part of the hyperlipidemia, therefore, is likely attributed to impaired lipolysis and/or clearance of lipoproteins in these animals in spite of increased hepatic LDL receptor expression. VLDL triglyceride production was not affected in fch/ϩ mice, demonstrating that hepatic steatosis is not by definition associated with increased triglyceride secretion by the liver via this pathway. Low HDL cholesterol levels in fch/fch mice, in spite of increased hepatic apoa-I expression, remain unexplained at the moment. Low HDL is a common feature in human liver disease (34) but the underlying mechanism(s) have remained unclear.
Ferrochelatase deficiency in mice was found to be associated with the presence of pigment-containing cells in the heart, presumably reflecting deposition of protoporphyrin-laden macrophages. The pathological significance thereof, if any, is not known. In addition, distinct depositions of neutral fat-containing cells were found, indicating development of atherosclerosis in these mice. This may be due to high circulating levels of Lp-X, although the atherogenic potency of this aberrant particle has not been described. It is known, however, that Lp-X is not taken up by hepatocytes and is unable to downregulate cholesterol synthesis in HepG2 cells (35) . Uptake seems to be limited to cells of the reticuloendothelial system (36) , which may lead to deposition of lipid-laden macrophages. Low HDL cholesterol may contribute in this respect, as it will lead to reduced efflux and impaired reverse cholesterol transport from macrophages.
In conclusion, this study shows that ferrochelatase deficiency in mice leads to liver disease associated with a characteristic hyperlipidemia and atherosclerosis. Lp-X can be formed in conditions in which bile formation is not impaired and data indicate that disturbed biliary lipid secretion per se can give rise to Lp-X formation. The fch/fch mouse provides a model to evaluate the consequences of EPP-related liver disease and treatment thereof for lipid and lipoprotein metabolism. for their generous gift of fch mice, and Ar Jansen (Central Animal Laboratory, University of Groningen) for taking care of the breeding program. Teus van Gent and Leo Scheek are thanked for performing the LCAT assays. 
